1. Introduction {#sec1-antibiotics-09-00397}
===============

Urinary tract infections (UTIs) caused by different microbial agents, including both Gram-positive and Gram-negative bacteria and fungi, are among the most prevalent infectious diseases affecting millions of people annually \[[@B1-antibiotics-09-00397],[@B2-antibiotics-09-00397],[@B3-antibiotics-09-00397],[@B4-antibiotics-09-00397],[@B5-antibiotics-09-00397],[@B6-antibiotics-09-00397]\]. Most UTIs are community- and nosocomial-acquired infections, which can occur in any part of the urinary tract \[[@B4-antibiotics-09-00397],[@B6-antibiotics-09-00397],[@B7-antibiotics-09-00397],[@B8-antibiotics-09-00397],[@B9-antibiotics-09-00397],[@B10-antibiotics-09-00397]\]. Among the Gram-negative bacteria, the uropathogenic *Escherichia coli* (UPEC) accounts for 50% of nosocomial- and up to 95% of community-acquired UTIs, followed by the uropathogenic *Klebsiella pneumoniae* (UPKP) and the uropathogenic *Proteus mirabilis* (UPPM) \[[@B1-antibiotics-09-00397],[@B6-antibiotics-09-00397],[@B11-antibiotics-09-00397],[@B12-antibiotics-09-00397]\]. Although UTIs can occur in both male and female patients, the number of female patients is significantly higher than male patients due to the anatomical features of women. These features include the shortness of the urethra, the urethral meatus's proximity to the anus, and the more humid surrounding environment compared to the male anatomy \[[@B1-antibiotics-09-00397],[@B4-antibiotics-09-00397],[@B5-antibiotics-09-00397],[@B6-antibiotics-09-00397],[@B10-antibiotics-09-00397]\]. Despite receiving appropriate antibiotic therapy, 20--30% of women who have already experienced an initial UTI develop a recurrent infection (rUTI) within 4--6 months. The high recurrence rates of UTIs, and the increasing antimicrobial resistance among uropathogens, impose a significant economic burden. As such, the inefficacy of antibiotic therapies determines the urgent need for the development of alternative strategies for UTIs \[[@B1-antibiotics-09-00397],[@B13-antibiotics-09-00397],[@B14-antibiotics-09-00397]\]. In this regard, alternative non-antibiotic strategies that target uropathogenic adhesive factors are highly attractive. Indeed, adhesion to host cells represents a critical step in the early stages of infection, allowing bacteria to contact, colonize and, eventually, establish the infection. Thus, uropathogens have developed a plethora of adhesive structures that enable bacterial colonization of the urinary tract \[[@B5-antibiotics-09-00397],[@B6-antibiotics-09-00397],[@B8-antibiotics-09-00397],[@B13-antibiotics-09-00397],[@B15-antibiotics-09-00397],[@B16-antibiotics-09-00397]\]. The three most common uropathogenic pathogens, UPEC, UPKP and UPPM, are armed by adhesive pili or fimbriae, mostly belonging to the Chaperone-usher (CU) pathway \[[@B5-antibiotics-09-00397],[@B12-antibiotics-09-00397]\]. The axial and pivotal role of these important virulence factors in bacterial pathogenicity and virulence has sped up the development of anti-fimbrial therapeutic approaches \[[@B17-antibiotics-09-00397]\]. Among these new approaches, the anti-adhesive strategy seems an effective and valid treatment procedure for UTIs. Detailed structural characterization of these adhesive organelles, as well as their receptors and ligands, may help us to find new antagonists to compete with adhesins. However, lab costs have reduced the speed of success in this regard. Fortunately, in recent years, computational biology and chemistry, bioinformatics, and different databases and software tools have hastened the achievements in this field. To prepare this review, the authors used the following MeSH keywords: FimH, adhesins, uropathogenic *Escherichia coli*, urinary tract infections, FimH antagonists, mannose-binding lectin, α-mannoside. This highlighted the great advances that have been obtained in UPEC FimH anti-adhesive antagonists from 1977 up to now. Therefore, the current review discusses valuable and effective FimH anti-adhesive molecules against UTIs, from their design and synthesis to in vitro and in vivo evaluations.

2. The Importance of Anti-Adhesive Strategy {#sec2-antibiotics-09-00397}
===========================================

The use of antimicrobial agents for the treatment of different infectious diseases like UTIs started more than eight decades ago. However, the number of antibiotic-resistant strains arose soon after antibiotic introduction, leading to the worldwide spread of multi- and pan-drug-resistant strains (MDR and PDR, respectively), also known as superbugs \[[@B18-antibiotics-09-00397],[@B19-antibiotics-09-00397],[@B20-antibiotics-09-00397],[@B21-antibiotics-09-00397]\]. Antimicrobial resistance (AMR) is recognized as one of the major global health challenges of the 21st century, with 10,000,000 estimated deaths per year by 2050, and heavy economic consequences for public health and governments \[[@B20-antibiotics-09-00397],[@B22-antibiotics-09-00397]\]. Among the species causing UTIs, UPEC, UPKP and, to a lesser extent, UPPM are considered the most worrisome bacteria for AMR. The diffuse practice of prescribing antibiotics to treat UTIs without any bacterial characterization, together with nosocomial MDR strains, has increased significantly the rates of MDR uropathogens, thereby leading to ineffective antibiotic therapies and the persistence of these microorganisms in health care facilities \[[@B23-antibiotics-09-00397]\]. In Europe, the AMR of uropathogens is deeply detailed by the surveillance system of the European Center of Diseases Prevention and Control (ECDC) (<https://www.ecdc.europa.eu/en/about-us/networks/disease-networks-and-laboratory-networks/ears-net-data>). To counteract AMR, several alternative therapeutic approaches are emerging, including anti-adhesive strategies \[[@B4-antibiotics-09-00397],[@B6-antibiotics-09-00397],[@B10-antibiotics-09-00397],[@B13-antibiotics-09-00397],[@B24-antibiotics-09-00397]\]. Uropathogens belonging to the *Enterobacteriaceae* family share a huge number of virulence factors known to be involved in the adhesion, colonization and invasion of host tissues, offering the possibility to develop different and specifically targeted anti-adhesive strategies. Dissecting the mechanisms by which uropathogens establish an infection, the molecules involved in the primary host--pathogen interaction appeared to be the most relevant virulence factors for urothelium colonization. Indeed, uropathogens express cell surface structures, including outer membrane proteins, secretion systems, appendages and specific adhesins, to promote tissue adhesion. The adhesion phase is the first step of colonization, and anti-adhesive strategies represent an effective mechanism for inhibiting the following phases of infection \[[@B18-antibiotics-09-00397],[@B19-antibiotics-09-00397],[@B21-antibiotics-09-00397],[@B25-antibiotics-09-00397]\]. Among surface structures, adhesins are specialized bacterial proteinaceous adhesive molecules with defensive and offensive characteristics, able to interact with both the peptidic and the glycosylic residues present on the eukaryotic cell surface and in the extracellular matrix. Thus, the ability to bind to different host structures guarantees the success of bacterial attachment \[[@B26-antibiotics-09-00397],[@B27-antibiotics-09-00397]\]. Adhesins can be distinguished according to their molecular structure in adhesive appendages and adhesive molecules. Adhesive appendages are multimeric complexes formed by different proteins, resulting in visible bacterial organelle, such as pili or fimbriae \[[@B28-antibiotics-09-00397]\]. Although the entire structure is needed for full functionality, the tips of these structures often contain the actual adhesin, which binds to a host receptor. On the other hand, an adhesive molecule is a stand-alone surface protein, most commonly attached to the outer membrane or cell wall, the intrinsic structure of which facilitates the binding to a host receptor \[[@B28-antibiotics-09-00397]\]. Adhesins are also involved in biofilm formation, antimicrobial resistance, and in the mechanism by which bacteria can be internalized within cells \[[@B25-antibiotics-09-00397],[@B26-antibiotics-09-00397],[@B27-antibiotics-09-00397],[@B29-antibiotics-09-00397]\]. Hence, blocking the bacterial adhesins is the most preferred strategy for keeping the hosts safe from UTIs \[[@B30-antibiotics-09-00397]\].

3. Treasure of Chaperone-Usher Adhesins {#sec3-antibiotics-09-00397}
=======================================

The CU pathway is a conserved protein secretion system, able to assemble a diverse array of pili on bacterial surfaces. These pili, known also as fimbriae or fibrillae, represent pivotal urovirulence factors in Gram-negative bacteria and, in particular, in *Enterobacteriaceae* family members, e.g., UPEC, UPKP and UPPM. Phylogenetic studies on the CU system revealed 38 different CU fimbriae in *E. coli*, encoded by 458 chromosomal CU operons \[[@B31-antibiotics-09-00397],[@B32-antibiotics-09-00397]\]. It is reported that more than 60% of UPEC strains carry 5 to 15 CU fimbriae \[[@B33-antibiotics-09-00397]\]. Type 1, type 3, type 9, S, P, F1C and Auf are the most common CU fibers among UPEC pathotypes \[[@B5-antibiotics-09-00397],[@B31-antibiotics-09-00397]\]. The first characterized virulence adhesive factors of UPEC were the type P fimbriae, encoded by the *pap* (pyelonephritis-associated pili) genes, which are significantly prevalent among the strains of UPEC that cause pyelonephritis \[[@B13-antibiotics-09-00397]\]. This pilus is structurally similar to type 1 pili, and exhibits the adhesin PapG at its tip. Importantly, among UPEC pathotypes, three different alleles for the PapG adhesin, including PapGI, PapGII and PapGIII, have been recognized, with class II being the allele predominantly associated with human pyelonephritis, and class III correlated with human cystitis \[[@B5-antibiotics-09-00397],[@B34-antibiotics-09-00397]\]. Different from type 1 pili, it is also known as a mannose-resistant pilus, because it does not interact with mannose sugar residues but with galabiose saccharide residues. The differential distribution of the receptor isotypes in different hosts and tissues and the binding specificity of the various PapG adhesins account for the host and tissue tropisms of UPEC. Moreover, the expression of both type 1 and Pap pili enables bacteria to bind to bladder and kidney cells expressing mannosylated uroplakins and galabiose rich sphingolipids, respectively \[[@B34-antibiotics-09-00397],[@B35-antibiotics-09-00397]\].

*P. mirabilis* expresses 17 CU fimbriae, including ambient temperature fimbriae (ATF), mannose-resistant *Proteus*-like (MR/P), *P. mirabilis* fimbriae (PMF), *P. mirabilis* P-like pili (PMP), urothelial cell adhesin (UCA)/non-agglutinating fimbriae (NAF), Fimbria 3 (Fim3), Fim5, Fim6, Fim7, Fim8, Fim10, Fim12, Fim14, Fim15, Fim16 and Fim17, with Fim14 having no related chaperone protein \[[@B33-antibiotics-09-00397],[@B36-antibiotics-09-00397],[@B37-antibiotics-09-00397],[@B38-antibiotics-09-00397]\]. Although not common, *P. mirabilis* also expresses type 3 fimbriae, known as mannose-resistant *Klebsiella*-like (MR/K), because they are able to agglutinate tannic acid-treated red blood cells, irrespective of the presence or absence of mannose \[[@B39-antibiotics-09-00397]\]. The functional homolog of UPEC P pilus in UPPM is the UCA/NAF pilus, expressed by the *ucaABCDJ* operon. The UcaD protein is structurally similar to the UPEC F17G adhesin, and possesses a specific affinity with carbohydrate sequences (e.g., GalNAcβ1-4Gal), which are commonly present in host receptors \[[@B39-antibiotics-09-00397]\]. For this reason, UCA/NAF pili are considered to play an important role in *P. mirabilis* UTIs. Adhesive structures are highly redundant, and UPPM expresses the *pmfACDEF* and the *mrpABCDEFGHJ* operons that code for PMF and MR/P fibers, respectively, mediating bacterial attachment to both kidney and bladder urothelial cells \[[@B39-antibiotics-09-00397]\]. Together, these three CU fimbriae orchestrate UPPM catheter colonization and UTI pathogenesis, with the MR/P phase-variable fimbriae significantly contributing to the fitness of *P. mirabilis* in mouse models of UTIs \[[@B36-antibiotics-09-00397]\]. In addition, MR/P mediates the formation of large intraluminal bacterial clusters that extend over the entire length of the bladder. This occurs immediately after bacterial adhesion to the epithelial cells, with the help of UCA and PMF fimbriae. It was demonstrated that bacterial clusters serve as the site of stone formation; bacteria enclosed in the cluster undergo phase variation, and a mixed population with MR/P-OFF and MR/P-ON are responsible for bladder stone-formation in mice \[[@B40-antibiotics-09-00397]\]. Moreover, MR/P-OFF bacterial cells can disseminate from the cluster/stone, using the well-known flagella-mediated motility to easily spread the infection \[[@B40-antibiotics-09-00397]\]. Moreover, several genes belonging to the CU system have been recently identified in *K. pneumoniae*, such as the *kpj* cluster encoding the CU fimbriae involved in intestinal colonization \[[@B41-antibiotics-09-00397]\].

According to previous studies, more than 80% of *K. pneumoniae* strains encode type 1 and type 3 (also known as mannose-resistant *Klebsiella*-like hemagglutinins) CU fimbriae. Located in the bacterial chromosome, type 1 and 3 pili genes are organized in operons, namely *fimBEAICDFGH* and *mrkABCDF* operons, respectively \[[@B42-antibiotics-09-00397]\]. Interestingly, the type 1 pilus operon is present in some strains of UPEC harboring IncX-plasmids, which are commonly present in *Enterobacteriaceae* and known to carry *Klebsiella*-derived operons \[[@B43-antibiotics-09-00397]\]. In addition, Kpc fimbriae, encoded by the *kpcABCDEFG* gene cluster, and the recently discovered new CU fimbriae encoded by the *kpj* cluster, have been observed in *K. pneumoniae*, emphasizing the need for CU fimbrial redundancy of this microorganism \[[@B41-antibiotics-09-00397],[@B44-antibiotics-09-00397]\]. Altogether, these fimbriae represent the arsenal of UPKP adhesins; type 1 pili are mainly involved in the interaction with bladder epithelial cells, whereas the others are mostly involved in the adhesion to abiotic surfaces (e.g., medical devices) and in biofilm formation \[[@B5-antibiotics-09-00397],[@B42-antibiotics-09-00397],[@B45-antibiotics-09-00397]\]. It has been shown that type 3 pili together with type 1 are strictly required to cause catheter-associated UTIs (CAUTIs), a common hospital-acquired infection \[[@B45-antibiotics-09-00397]\]. Most CAUTIs are polymicrobial, usually involving *K. pneumoniae* in association with *P. mirabilis* or this latter in co-infection with *E. coli*, highlighting the adoption of shared strategies to colonize and reside within human hosts \[[@B46-antibiotics-09-00397]\]. Hence, targeting adhesive structures represents an excellent option to prevent and treat UTIs.

4. FimH is a Highly Adapted Virulence Factor {#sec4-antibiotics-09-00397}
============================================

Among the CU pili from uropathogenic members belonging to *Enterobacteriaceae*, one of the best-characterized is type 1 pili. These pili are expressed by 80% and 90% of UPKP and UPEC strains, respectively \[[@B5-antibiotics-09-00397],[@B47-antibiotics-09-00397],[@B48-antibiotics-09-00397],[@B49-antibiotics-09-00397]\]. It has been reported that more than 95% of all *E. coli* isolates express type 1 fimbriae \[[@B50-antibiotics-09-00397],[@B51-antibiotics-09-00397],[@B52-antibiotics-09-00397]\]. The type 1 pilus is 2 μm in length and 10 nm in width, and is highly represented in the bacterial surface (100--500 pili per cell) \[[@B5-antibiotics-09-00397],[@B47-antibiotics-09-00397],[@B48-antibiotics-09-00397],[@B49-antibiotics-09-00397]\]. This pilus is defined as mannose-sensitive, because it is able to interact with the mannosylated receptors expressed by epithelial cells, particularly urothelial cells \[[@B12-antibiotics-09-00397],[@B19-antibiotics-09-00397],[@B48-antibiotics-09-00397],[@B53-antibiotics-09-00397],[@B54-antibiotics-09-00397]\]. This specific function relies on the expression of the adhesin FimH located at the tip of the type 1 pilus. Type 1 pili of *K. pneumoniae* and *E. coli* are highly homologous in uropathogenic strains. However, the slight sequence variations between the FimH from *E. coli* and *K. pneumoniae* result in huge differences in the ability to colonize the urinary tract, FimH from UPEC being much more efficient in adhering to the mannosylated structure; for these reasons, it was chosen as the model for the bacteria--urothelium interaction \[[@B55-antibiotics-09-00397]\]. Proper functioning of urothelium depends on the precise assemblage of highly specialized glycoproteins called uroplakins (UPs), the end products and differentiation markers of urothelial cells. On the apical surface, four major UPs are expressed by the umbrella cells lining the bladder, forming hexagonal plaques characterized by six tetramers linked by two heterodimers, UPIa/II and Ib/IIIa. UPs can be synthesized in several glycoforms; UPIa contains high-mannose N-glycans, and UPIb and IIIa carry complex N-glycans, whereas mature UPII lacks sugar moieties \[[@B56-antibiotics-09-00397],[@B57-antibiotics-09-00397]\]. FimH binds to high-mannosylated UPIa, thereby ensuring a stable bacterial adhesion to the tissue. It is noteworthy that FimH is also responsible for biofilm formation, proliferation, and invasion of and internalization into eukaryotic cells, mediating the formation of intracellular bacterial communities (IBCs) \[[@B8-antibiotics-09-00397],[@B54-antibiotics-09-00397],[@B58-antibiotics-09-00397]\]. Moreover, FimH is also able to interact with the Tamm--Horsfall soluble proteins, which are secreted by kidney cells, within the urine to exert a protective role against FimH adhesion \[[@B53-antibiotics-09-00397],[@B59-antibiotics-09-00397]\]. Finally, CD48, types I and IV collagens, fibronectins and laminins are other receptors that can be bound by the UPEC FimH \[[@B60-antibiotics-09-00397]\]. Due to the multiplicity of ligands and functions, type 1 pili armed with FimH represent a pivotal virulence factor within UPEC \[[@B5-antibiotics-09-00397],[@B8-antibiotics-09-00397],[@B19-antibiotics-09-00397],[@B30-antibiotics-09-00397],[@B61-antibiotics-09-00397]\].

The whole FimH adhesin is composed of 279 amino acids. The N-terminal domain (NTD) carries a lectin domain (FimH~LD~) encompassing the carbohydrate-binding domain (CBD), while the C-terminal domain (CTD) bears a pilin domain (FimH~PD~) ([Figure 1](#antibiotics-09-00397-f001){ref-type="fig"}) \[[@B19-antibiotics-09-00397],[@B54-antibiotics-09-00397],[@B62-antibiotics-09-00397]\]. The interaction between these two domains, FimH~LD~ and FimH~PD,~ determines the conformational state of the FimH adhesin, thereby influencing the level of affinity of FimH with the related molecule/receptor/ligand \[[@B13-antibiotics-09-00397],[@B54-antibiotics-09-00397]\]. The conformation of FimH is highly dynamic, and interdomain interactions can be influenced by different factors, including the shear stress. Normally, FimH is in the low affinity conformation, also known as T-state; however, it switches to the high affinity structure in the presence of shear forces (R-state). The mechanism by which FimH binds to the mannosylated uroplakins is known as the catch and bond mechanism, which enables bacteria to establish long-lived interactions with host cells \[[@B13-antibiotics-09-00397],[@B54-antibiotics-09-00397]\].

The CBD within FimH~LD~ is responsible for the binding to the mannosylated molecules, in that the amino acid's composition allows the formation of the negatively charged mannose-binding pocket (MBP), explaining why amino acids encompassing the MBP are extremely conserved among UPEC strains \[[@B61-antibiotics-09-00397],[@B63-antibiotics-09-00397]\]. The MBP is surrounded by hydrophobic amino acids, comprising Ile13, Tyr48, Ile52, Tyr137 and Phe142 \[[@B61-antibiotics-09-00397],[@B63-antibiotics-09-00397],[@B64-antibiotics-09-00397]\]. The dynamic conformation of amino acid residues Tyr 48 and 137 constitutes the structure of the tyrosine gate ([Figure 2](#antibiotics-09-00397-f002){ref-type="fig"}) \[[@B61-antibiotics-09-00397],[@B63-antibiotics-09-00397],[@B64-antibiotics-09-00397]\], which covers the hydrophobic groove of the mannose-binding site (MBS) \[[@B63-antibiotics-09-00397],[@B64-antibiotics-09-00397]\].

The FimH~LD~ MBS consists of a hydrophobic region (including Phe142, Phe1 and Ile13), a stretch of seven polar amino acids (Asn46, Asp47, Asp54, Gln133, Asn135, Asn138 and Asp140), the tyrosine gate (Tyr137, Ile52, Tyr48) and the Thr51 amino acid residue. The affinity between ligands and the MBP of FimH can be increased by Van der Waals bonds within the hydrophobic groove \[[@B19-antibiotics-09-00397],[@B63-antibiotics-09-00397]\]. The side chains of the Tyr molecules at positions 48 and 137 are dynamic rotamers that can define three different tyrosine gate configurations: the full open, full close and partly open gate \[[@B63-antibiotics-09-00397],[@B64-antibiotics-09-00397]\]. Any mutation in the tyrosine gate amino acids may lead to the loss of affinity with mannosylated molecules by FimH ([Figure 3](#antibiotics-09-00397-f003){ref-type="fig"}) \[[@B65-antibiotics-09-00397]\]. Moreover, any mutation within the amino acids of the MBP of FimH, including Phe1, Asn46, Asp47, Asp54, Gln133, Asn135, Asp140 and Phe142, results in the abrogation of the adhesin function \[[@B19-antibiotics-09-00397],[@B62-antibiotics-09-00397],[@B66-antibiotics-09-00397]\].

5. FimH and Glycomimetics {#sec5-antibiotics-09-00397}
=========================

Since FimH emerged as the most appropriate target for the development of anti-adhesive therapeutic strategies, several studies began, decades ago, to analyze the effects of FimH antagonists. Duguid and Gillis were the first authors to report mannose as an anti-adhesive substance in *E. coli* bacteria in 1957 \[[@B19-antibiotics-09-00397],[@B67-antibiotics-09-00397]\]. Then, in 1977, the anti-adhesive activity of mannose was described in detail by Ofek, Mirelman and Sharon for *E. coli* \[[@B19-antibiotics-09-00397],[@B68-antibiotics-09-00397]\], and later on for other uropathogens \[[@B69-antibiotics-09-00397],[@B70-antibiotics-09-00397],[@B71-antibiotics-09-00397]\]. Up until now, different categories of soluble mono- and polyvalent FimH inhibitors (α-[d]{.smallcaps}-mannosides, and their chemically modified derivatives and glycodendrimers, respectively) have been selected, synthesized and analyzed \[[@B17-antibiotics-09-00397],[@B54-antibiotics-09-00397]\]. Due to the huge number of available molecules, researchers in this field established standardized protocols and techniques to test FimH inhibitory activity. The relative inhibitory potency (RIP) index describes the extent of the affinity of the various FimH antagonists, compared to known synthetic mannoside derivatives such as the Methyl α-[d]{.smallcaps}-mannoside (MeMan), which is considered as a high-affinity molecule with regards to FimH \[[@B48-antibiotics-09-00397],[@B72-antibiotics-09-00397]\]. The application of this method ensures the comparability of the results obtained by applying different experimental procedures. High RIP values result in the strong affinity of the analyzed molecules. For example, it has been shown that a monovalent antagonist with a high RIP value possessed the same affinity toward a variety of UPEC strains, while a polyvalent antagonist showing high RIP displayed a strain-dependent affinity. This result points out that more studies should be performed in assessing the therapeutic efficacy of polyvalent molecules \[[@B73-antibiotics-09-00397]\]. However, despite their high and broad activity, monovalent glycosides, such as natural [d]{.smallcaps}-mannose, have no stable structures in vivo, and are rapidly hydrolyzed within the mouth, gastrointestinal tract and other organs and tissues, or they are quickly excreted from the body \[[@B18-antibiotics-09-00397],[@B74-antibiotics-09-00397]\]. So, the application of antagonist therapeutic strategies, such as glycosidic drugs, represents a big challenge. The advances in understanding carbohydrate--protein interactions led to the development of a new class of small-molecule drugs for the treatment of several human diseases, known as glycomimetics. These molecules mimic the bioactive function of pure carbohydrates without presenting their drawbacks, such as low activity and stability \[[@B75-antibiotics-09-00397]\]. Thus, specific chemical modifications represented a good approach to enhancing the bioavailability and metabolic stability of glycoside molecules \[[@B18-antibiotics-09-00397]\]. Today, several glycomimetics, based on α-[d]{.smallcaps}-mannose derivatives, have been selected that show a strong affinity with FimH \[[@B61-antibiotics-09-00397]\]. Glycosides are chemically linked to the aglycone (non-carbohydrate) portion in order to improve the glycomimetics' affinity to FimH, as well as their stability and bioavailability. Alkyl-, aryl- biaryl-, biphenyl-, butyl- dioxocyclobutenylaminophenyl-, indolylphenyl-, methyl-, phenyl-, triazolyl-, thiazolylamine- and umbelliferyl- are the most common aglycone groups combined with monovalent α-[d]{.smallcaps}-mannosides \[[@B19-antibiotics-09-00397],[@B54-antibiotics-09-00397],[@B61-antibiotics-09-00397],[@B63-antibiotics-09-00397],[@B76-antibiotics-09-00397],[@B77-antibiotics-09-00397]\]. Vice versa, the polyvalent [d]{.smallcaps}-mannosides include cyclodextrin-based heptyl mannosides (CD-based HMs), divalent mannosides, glycoclusters, glycodendrimers, neoglycoproteins and trivalent mannosides, which contain more than one mannose subunit \[[@B19-antibiotics-09-00397],[@B61-antibiotics-09-00397],[@B63-antibiotics-09-00397],[@B78-antibiotics-09-00397]\]. Indeed, lectins may carry several carbohydrate-binding sites (CBS), and this property enables them to significantly increase their affinity towards sugar residues. Exploiting this feature, multivalent glycomimetics are bound by FimH with high affinity, and this multivalent effect is known as molecule avidity \[[@B79-antibiotics-09-00397],[@B80-antibiotics-09-00397]\]. These types of modifications result in an inhibition effect on FimH a million times greater than that exerted by the [d]{.smallcaps}-mannose sugar \[[@B30-antibiotics-09-00397],[@B81-antibiotics-09-00397],[@B82-antibiotics-09-00397]\].

6. Assays to Test FimH Antagonist Activity: Competitive and Inhibition Tests {#sec6-antibiotics-09-00397}
============================================================================

The affinity strength of synthetic FimH antagonists can be evaluated using two different approaches. The first one is based on competitive assays, in which the affinity of the selected antagonist is compared to a known compound with a high affinity for FimH. Several techniques were adapted to perform this competitive assay, such as Biolayer Interferometry Assay (BIA), cell-free high-throughput competitive binding assay, Differential Scanning Fluorimetry (DSF), Enzyme-Linked Immuno Sorbent Assay (ELISA), Fluorescence Polarization Assay (FPA), Isothermal Titration Calorimetry (ITC), Radioactive Labeling Assay (RLA) and Surface Plasmon Resonance (SPR) \[[@B19-antibiotics-09-00397],[@B54-antibiotics-09-00397],[@B81-antibiotics-09-00397],[@B82-antibiotics-09-00397],[@B83-antibiotics-09-00397],[@B84-antibiotics-09-00397],[@B85-antibiotics-09-00397],[@B86-antibiotics-09-00397],[@B87-antibiotics-09-00397],[@B88-antibiotics-09-00397],[@B89-antibiotics-09-00397],[@B90-antibiotics-09-00397]\]. The second one analyzes the affinity of the antagonist by measuring the inhibition of FimH's biological function, and includes the aggregation, biofilm inhibition, disaggregation, flow cytometry, hemagglutination inhibition and epithelial cell adherence inhibition assays \[[@B19-antibiotics-09-00397],[@B24-antibiotics-09-00397],[@B54-antibiotics-09-00397],[@B69-antibiotics-09-00397],[@B91-antibiotics-09-00397],[@B92-antibiotics-09-00397],[@B93-antibiotics-09-00397],[@B94-antibiotics-09-00397]\]. However, both competitive and inhibition tests present some drawbacks; for example, depending on the assay performed, the RIP of the reference compounds ([d]{.smallcaps}-mannose and MeMan) ranges between millimolar and micromolar, making the comparison of different FimH antagonists difficult. In addition, tests with intact bacteria can be affected by the presence of FimH mutations and the different levels of FimH expression among the strains tested \[[@B86-antibiotics-09-00397]\]. For this reason, more accurate, reproducible and standardized tests are needed to explore the FimH antagonist's effectiveness.

7. FimH Antagonists, Biochemical Characteristics and Bioavailability {#sec7-antibiotics-09-00397}
====================================================================

According to the type of interaction with the [d]{.smallcaps}-mannosylated molecules, FimH adhesin changes its conformational structure, leading to different binding affinities. As outlined above, the low affinity (T-state) conformational structure of FimH, in which the LD and PD domains are in strict contact, occurs in the absence of shear stress. Vice versa, the high affinity conformation (R-state), in which FimH~LD~ and Fim~PD~ are separated, represents the shear stress-induced allosteric regulation of its mannose-binding affinity, resulting in the strong attachment of FimH~LD~ to the host urothelial cell receptors \[[@B54-antibiotics-09-00397]\]. Thus, the balance between R- and T-states regulates the capability of the bacteria to colonize the urothelial niche or to spread the infection. At the molecular level, it is known that the interactions between α-[d]{.smallcaps}-mannose molecules (and related derivatives) and MBP in FimH~LD~ occur in the presence of water, because water molecules support the hydrogen bonds between the hydroxyl groups of α-[d]{.smallcaps}-mannose molecules and the amino acid residues within MBP. Moreover, the presence of water drives the proper binding of α-anomer molecules to the MBP of FimH, increasing the affinity of the α-anomeric configuration of mannose and its derivatives with MBP \[[@B19-antibiotics-09-00397],[@B62-antibiotics-09-00397],[@B95-antibiotics-09-00397],[@B96-antibiotics-09-00397]\]. Biochemical analyses of the interaction between FimH~LD~ and α-[d]{.smallcaps}-mannose revealed that mannosides with an apolar (hydrophobic) substituent are able to mimic the interactions of high-mannose glycans with the MBD of FimH \[[@B82-antibiotics-09-00397]\]. For this reason, n-hexyl- and n-heptyl-modified mannosides (i.e., MeMan) have a significant high affinity towards FimH \[[@B19-antibiotics-09-00397],[@B97-antibiotics-09-00397]\]. This hydrophobic portion of aglycone interacts with the tyrosine gate through aromatic stacking (non-covalent interaction between aromatic rings) and Van der Waals bonds \[[@B77-antibiotics-09-00397],[@B97-antibiotics-09-00397],[@B98-antibiotics-09-00397],[@B99-antibiotics-09-00397]\]. Moreover, it was shown that glycomimetics with inhibition constants in the range of 1--20 nM can be obtained by combining the α-anomeric configurations of [d]{.smallcaps}-mannose \[[@B96-antibiotics-09-00397],[@B100-antibiotics-09-00397]\]. Hence, Wellens et al. generated a set of α-[d]{.smallcaps}-mannosides carrying alkyl and aryl hydrophobic moieties. The determination of the crystal structure of FimH~LD~ with the eight synthesized inhibitors, together with the analyses of their thermodynamic parameters, demonstrated that the presence of alkyl and aryl groups in the aglycone can induce the increased dynamics in the tyrosine gate responsible for the proper orientation of the interacting mannosides. This dynamic behavior of the tyrosine gate could contribute to FimH's ability to deal with less compatible high-mannose structures, while still making bacterial adhesion plausible \[[@B64-antibiotics-09-00397]\]. Moreover, aromatic aglycone compounds mediate several interactions within the tyrosine gate in its hydrophobic space, increasing the affinity of the antagonist to the MBP of FimH~LD~ \[[@B80-antibiotics-09-00397],[@B96-antibiotics-09-00397]\]. An increase in the length of alkyl chains results in the higher affinity of the molecule with the FimH~LD~ and, in particular, with the tyrosine gate area, showing that the affinity of the alkyl group with FimH adhesin is 100-fold greater than that exhibited by mannose \[[@B19-antibiotics-09-00397],[@B25-antibiotics-09-00397],[@B89-antibiotics-09-00397]\].

It has been shown that O- and C-linked α-[d]{.smallcaps}-mannosides with hydrophobic and aryl substituents are potent *E. coli* FimH antagonists, having an affinity in the same range as that of nanomolar \[[@B101-antibiotics-09-00397]\]. Indeed, the conformation and lipophilicity of aglycone moieties, their position with respect to the core sugar structure and the type of chemical group determine the RIP of antagonist molecules \[[@B61-antibiotics-09-00397],[@B80-antibiotics-09-00397]\]. Para-substituted biphenyl derivatives were shown to be particularly appealing, owing to their numerous favorable binding interactions within the tyrosine gate. Thus, the structural and functional analyses of a series of O-, C-, and S-linked mannoside derivatives, incorporating the 1,1′-biphenyl pharmacophore and diverse aglycone atoms, demonstrated the suitability of these antagonists, establishing the possibility of further exploring these chemically modified mannosides \[[@B101-antibiotics-09-00397],[@B102-antibiotics-09-00397]\]. Furthermore, it was shown that the biphenyl group linked to mannosides can be efficiently absorbed if orally administered \[[@B54-antibiotics-09-00397],[@B88-antibiotics-09-00397]\]. Indeed, these mannosides show increased metabolic stability, bioavailability and intestinal permeability in in vivo pharmacokinetic studies, thereby recommending them for preclinical evaluation \[[@B83-antibiotics-09-00397]\]. In addition, the reabsorption of biphenyl groups by renal tubuli results in stable and regular excretion into urine, leading to their high availability in the site of infection \[[@B54-antibiotics-09-00397],[@B88-antibiotics-09-00397],[@B103-antibiotics-09-00397]\]. It was also demonstrated that 3′-chloro-4′-(α-[d]{.smallcaps}-mannopyranosyloxy) biphenyl-4-carbonitriler ([Figure 4](#antibiotics-09-00397-f004){ref-type="fig"}), synthesized using the bioisostere approach, is a highly effective FimH antagonist, also presenting optimal pharmacokinetic characteristics, such as proper solubility, low toxicity, intestinal permeability and renal excretion in mouse models \[[@B47-antibiotics-09-00397]\]. Moreover, its oral application reduced the bacterial load in the bladder by almost 1000-fold 3 h after infection, highlighting its therapeutic potential \[[@B47-antibiotics-09-00397]\].

The polyvalent adhesin inhibitors (carbohydrate dendrimers) were designed to better mimic the interaction of FimH with high-mannose eukaryotic receptors \[[@B61-antibiotics-09-00397]\]. The affinity, avidity and selectivity of mannosylated glycodendrimers are strengthened throughout by the presence of several mannose residues in the molecule; the so-called "cluster effect" \[[@B80-antibiotics-09-00397],[@B97-antibiotics-09-00397],[@B104-antibiotics-09-00397]\]. Despite their higher affinity with the MBP of FimH, mannosylated glycodendrimers are large-size polar molecules, and these chemical properties reduce their absorption in the gastrointestinal tract, affecting their oral usage \[[@B61-antibiotics-09-00397]\].

Apart from chemically synthesized mannose-based molecules, natural compounds, including cranberry and its derivatives, such as myricetin, cranberry extract standardized in proanthocyanidins (PACs) and PAC-derived polyphenol metabolites, have anti-adhesive effects on UPEC \[[@B53-antibiotics-09-00397]\]. The mechanism by which these compounds exert their anti-adhesive activity is not totally understood yet. The complex molecular composition of these natural extracts can influence the establishment of the infection at different levels, acting on both bacteria and human physiology. Several investigations showed that PACs efficiently block the P fimbriae \[[@B105-antibiotics-09-00397],[@B106-antibiotics-09-00397],[@B107-antibiotics-09-00397]\]. Vice versa, it was indicated that PAC-metabolites could be responsible for anti-adhesive effects on FimH \[[@B53-antibiotics-09-00397]\]. Moreover, it was also suggested that cranberry induces the expression/secretion of the Tamm--Horsfall proteins by the kidney, thereby leading to its accumulation in the bladder. Thus, the interaction between UPEC FimH and the mannosylated Tamm--Horsfall glycoproteins causes bacterial release within the urine flux \[[@B108-antibiotics-09-00397]\]. As such, cranberry-based supplements represent a source of natural compounds that are biochemically active against UPEC, which deserves further investigation.

8. Conclusions {#sec8-antibiotics-09-00397}
==============

UTIs and CAUTIs are becoming increasingly important threats to human health, due to the rise of MDR uropathogens. The anti-adhesive strategy emerged as a relevant alternative therapeutic approach, targeting uropathogen virulence traits. FimH is one of the most-studied adhesins expressed by UPEC strains because it is a key determinant of urovirulence. Indeed, FimH interacts with high-mannosylated uroplakins, enabling the bacterium to stably adhere to bladder cells and, eventually, to be internalized. Therefore, its chemical and functional characteristics have been, and still are, used to find molecules to inhibit bacterial adhesion. Carbohydrate-based drugs, known as glycomimetics, offer a powerful opportunity to block FimH by mimicking the structure and function of native carbohydrate. Up to now, a huge number of mannose-based glycomimetics have been synthesized and tested for their affinity and efficacy in hindering the FimH engagement of mannosylated receptors. Due to its availability in vegetables and fruits, natural [d]{.smallcaps}-mannose is already used as a supplement for the prevention and treatment of rUTIs, or in combination with antibiotics, having shown its efficacy in different clinical studies \[[@B109-antibiotics-09-00397],[@B110-antibiotics-09-00397]\] (<https://clinicaltrials.gov/ct2/show/results/NCT01808755>). Thus, numerous molecules operating on the same mode of action as the [d]{.smallcaps}-mannose have been developed and improved. In this review, we presented the current advances in available [d]{.smallcaps}-mannose derivatives and glycomimetics. These molecules represent a promising, valuable, effective, feasible and cost-effective approach to the treatment of UTIs, especially those caused by MDR UPEC, requiring urgent clinical trials.
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![The structure of FimH co-crystallized with FimC. The FimH~PD~, FimH~LD~, Tyrosine Gate (Tyr137, Ile52 and Tyr48), molecule of mannose and FimC is shown (1KLF PDB file) \[[@B62-antibiotics-09-00397]\]. FimC is a chaperone protein that does not belong to the mature fimbria.](antibiotics-09-00397-g001){#antibiotics-09-00397-f001}

![The structure of the tyrosine gate of FimH~LD~ MBP in UPEC (Tyr137, Ile52 and Tyr48). The ligand is α-D-mannoside O-linked to a propynyl pyridine (4AV4 PDB file) \[[@B64-antibiotics-09-00397]\].](antibiotics-09-00397-g002){#antibiotics-09-00397-f002}

![The Tyr48Ala mutation within the relaxed Tyrosine Gate of MBP in FimH~LD~ from UPEC. The linkage of Heptyl-α-D-mannopyrannoside with mutated Tyrosine Gate is shown. The stacking pattern between Tyr137, Ile52, Ala48 and Heptyl-α-D-mannopyrannoside is shown (4CA4 PDB file) \[[@B65-antibiotics-09-00397]\].](antibiotics-09-00397-g003){#antibiotics-09-00397-f003}

![The successful linkage between Tyrosine Gate (Fim~LD~ MBP) and the bioisostere of 3′-chloro-4′-(α-[d]{.smallcaps}-mannopyranosyloxy)-biphenyl-4-carbonitrile (4CST PDB file) \[[@B47-antibiotics-09-00397]\].](antibiotics-09-00397-g004){#antibiotics-09-00397-f004}
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